High-lift multi-element airfoils, such as those used on large transport aircraft during takeoff and landing, can generate strong adverse pressure gradients that, while the surface flow is attached, can cause off-the-surface separation in the wake: so-called wake bursting. The sudden expansion and thickening of the separated wakes has been shown to decrease lift and increase drag. Wake bursting was experimentally studied over a three-element highlift airfoil, and unsteady velocity measurements were taken with a split-film probe. The tests were performed in the University of Illinois at Urbana-Champaign low-speed low-turbulence subsonic wind tunnel on a multi-element airfoil with a chord length of 1.35 ft (0.411 m) and a model span of 2.8 ft (0.85 m). Results for a Reynolds number of 1.0 × 10 6 indicate that wake bursting was observed for the wake of the main element and the first flap. A methodology was developed to numerically define the core of each wake both upstream and downstream of the burst point. Data show that the local flowfield angle in the wake core does not significantly change relative to the flowfield outside the wake core. Unsteady results indicate that the velocity fluctuations within the burst-wake region are dominated by turbulence in the shear layers between the wakes with less turbulence observed in the wake cores. These turbulent fluctuations were largest in the shear layers and were observed to spread into the wake cores. 
T HE aerodynamics of multi-element high-lift devices is complex and can be greatly impacted by wakes in an adverse pressure gradient. In addition to the shape and location of each element, the wake of the main element, the jet through the gaps, and the flap wake can also have a large effect on the flowfield [1, 2] . If a strong adverse pressure gradient is imposed on a multi-element airfoil, a wake may experience off-the-surface separation, or "wake bursting," while the flow along the surface remains attached. Wake bursting is a local deceleration of the flow in the wake of one or more of the elements.
A conceptual sketch of a burst-wake region is presented in Fig. 1 . As shown in the drawing, a wake from an element may rapidly thicken and decelerate because of the strong adverse pressure gradient. Both the main element wake and first flap wake are burst in the sketch. Burst wakes are characterized by rapid wake thickening, flow deceleration, and increased turbulence [3] [4] [5] . In general, performance decreases if the wakes of the main element and the flaps become confluent (i.e., if they merge). Research indicates that merging flows and off-the-surface separation can dominate the flowfield [1, 6, 7] .
Wake bursting, as first discussed by Smith [1] , is a viscous phenomenon, leading to increased drag C d , a reduction of maximum lift C l;max , an effective decambering of the airfoil system, and sometimes flow reversal in the wake [4, 5, 8, 9] . As expected, the pressure distribution of a multi-element airfoil can be driven by the wakes in addition to the shape and location of the flap elements [3, 6, 10] . In fact, if the wakes merge, it has been shown that the momentum deficit in the wakes can dominate the flowfield [6, [11] [12] [13] . Research performed in the NASA Langley Low Turbulence Pressure Tunnel indicates that the development of a wake is highly dependent on the Reynolds number of the flow, and that a lower Reynolds number can result in larger wakes and more off-the-surface flow reversal [7] . Also, wake bursting is dependent on Mach number [14] . Some previous tests investigated the burst wake of a flat plate with a single flap in an adverse pressure gradient imposed by moveable tunnel walls with no flow curvature [9, [15] [16] [17] . These flat plate tests concluded that turbulence intensity and wake thickness both increased with a stronger adverse pressure gradient. Experimental investigations have not captured full-field measurements of wake bursting over a multi-element airfoil at lower Reynolds numbers, and efforts have not been made to clearly define the edge of a wake in a curved flowfield with an adverse pressure gradient. In addition, turbulence measurements have not been made for a continuous set of coordinates in a burst-wake region over a multi-element airfoil.
The objective of this study was to experimentally capture wake bursting over a multi-element airfoil system using off-body measure-ment techniques. The goal was to identify an airfoil at a condition for which the flow was attached to the surface of all elements but where bursting was present. Additionally, this project has aimed to identify the location of the wake cores and the characteristics of the flow within the wake cores. Finally, turbulence levels in the shear layers of the flow were compared with the turbulence levels in the wake cores.
II. Airfoil Geometry and Coordinate Systems
A three-element airfoil system, the MFFS(ns)-026, was examined in this research. The MFFS(ns)-026 airfoil, as shown in Fig. 2 , is similar to the multi-element system presented in [18] , with the difference being that the flaps are in different positions. As seen in Fig. 2 , the airfoil system is shown at α 0 deg with a system chord length of 1. It is defined that α 0 deg when the leading edge and trailing edge of the main element lie on the x axis, as depicted. The system chord line is defined as the distance from the leading edge of the main element to the trailing edge of the last element projected along the main element chord line.
A coordinate system was used to define the location of each element in terms of leading edge coordinate x; y le;n and deflection angle δ n (see Fig. 3 ). The deflection angle of each flap element is defined relative to the main element chord line, and a positive deflection angle corresponded to a downward flap deflection. The dimensional chord length of the main element (c 1 ) was 11.5 in. (292 mm); the chord length of the first flap (c 2 ) was 3.5 in. (88 mm); and the chord length of the second flap (c 3 ) was 3.0 in. (76 mm). Nondimensional chord lengths were obtained by dividing the chord length of each element (c n ) by the system chord length, which was taken as 16.36 in (415 mm). Table 1 shows the nondimensional chord lengths, nondimensional leading edge coordinates, and deflection angles of each element. The reference area was defined as the projected area of the multi-element system. Airfoil coordinates for each element are presented in Appendix A.
In addition, a relative coordinate system, as shown in Fig. 4 , could be used to define the system by parameters that govern the flow including gap size and overhang distance. The gap size between elements (gap n ) was defined as the distance from the trailing edge of element n to the closest point on element n 1. The overhang distance (overhang n ) between element n and n 1 was defined as the distance from the leading edge of element n 1 to the trailing edge of n projected along the chord line of element n, as shown in the lower portion of Fig. 4 . Nondimensional gap and overhang values for flaps 1 and 2 are presented in Table 2 .
III. Experimental Methods
Aerodynamic tests were performed in the University of Illinois at Urbana-Champaign low-speed low-turbulence wind tunnel, as sketched in Fig The presence of these screens and flow conditioning reduces the empty test-section turbulence intensity to less than 0.1% at all operating speeds [19] . The freestream velocity of the tunnel was set by a five-blade metal fan driven by a 125 hp AC motor that was controlled by an ABB ACS 800 low-voltage AC drive. A maximum fan speed of 1200 rpm creates a test-section flow speed of approximately 165 mph (74 m∕s) or a maximum Reynolds number of 1.45 × 10 6 ∕ft (4.75 × 10 6 ∕m), yielding a maximum Reynolds number of 1.98 × 10 6 for the current 16.36-in.-chord model. A Reynolds number of 1.0 × 10 6 was prescribed and computercontrolled to within 0.5% for all tests in this paper. An external, floormounted, three-component balance was used to measure lift, drag, and pitching moment of the airfoil system. Drag data were also taken using a wake rake traverse system. A set of 59 total pressure probes were installed in the wake rake, and pressure data were measured with a DTC Initium system and two 0.35 psi 32-port pressure modules. The wake profile was used to determine the drag as discussed by Fig. 3 Absolute coordinate system used to define the three-element airfoil geometry investigated in this study. Fig. 4 Relative coordinate system used to define the three-element airfoil geometry investigated in this study.
Jones [20] and Schlichting [21] . Although the wakes in this research were highly turbulent, results from Lu and Bragg [22] indicate that the simple Jones equation, without accounting for turbulent fluctuations, is accurate at turbulence intensity levels observed in this research [22] . Methods presented by Barlow et al. [23] were used to correct the wind-tunnel measurements for wind-tunnel wall effects.
Only airfoil profile drag is reported in this paper, and moment data are not reported. Fluorescent surface oil flow visualization was used to ascertain whether or not the flow was attached on the surface of all three elements. Flow visualization was performed by first applying a very thin layer of 5W-30 motor oil to the surface of the airfoil model. An airbrush was then used to apply a mixture of mineral oil and fluorescent leak detector dye to the surface of the model. Flowfield measurements were performed at a Reynolds number of 1.0 × 10 6 and α 0.0 deg. The locations of key flow features were measured by using a strip of yellow electrical tape that was marked with x∕c coordinates in 5% increments. The wind tunnel was run at the desired Reynolds number for 4 min. Black lights were used to illuminate the fluorescent oil, and the results were documented with a digital camera for later postprocessing.
Measurements in the flowfield were taken using a split-film probe attached to a two-axis Lintech traverse system mounted on the sidewall of the tunnel, as shown in Fig. 6 . Both arms of the traverse extended into the test section, and the split film was mounted on the end of the lower arm. A diagonal support (upper arm) was attached to the traverse for added structural integrity. An external symmetric airfoil fairing was used to streamline the traverse arms and reduce potential vibration from vortex shedding. The tunnel was sealed with airtight rubber sleeves around the traverse arms together with a combination of teflon and metal plates on the side of the tunnel. Measurements were taken in the flowfield above the multi-element airfoil (on the suction side) at a spatial resolution of 0.1 in. (2.54 mm) while maintaining an offset distance of 0.25 in. (6.35 mm) from the surface of the airfoil.
A two-component TSI 1288 split-film probe controlled by a TSI IFA 100 constant-temperature anemometer was used to determine the time-dependent velocity parallel to freestream flow (u) and orthogonal to freestream flow (v). As air passed over the constant-temperature split film, the heat transfer affected the two films at different rates depending on the local flow angularity. The anemometer subsequently adjusted the voltage E of each film independently to maintain a constant temperature of each film. The magnitude of the two probe voltages relative to a baseline voltage and the difference in the excitation voltages between the two films are then used to calculate time-dependent u and v velocity components. The split-film measurements were sampled simultaneously using a National Instruments SCXI scanning system. These unsteady data were acquired at a sample rate of 3 kHz for 10 s. In addition, data were filtered at the Nyquist cutoff frequency of 1.5 kHz using a low-pass Bessel filter. The total velocity uncertainty was determined to be 0.81% (0.97 ft∕s), and dimensional uncertainty in flow angularity θ was calculated to be 1.01 deg.
Calibration of the split film was performed as a function of freestream velocity and local flow angle θ. Standard methods discussed by Bruun [24] were used to correct the voltage of the films for temperature changes, viz.,
where E cor is the corrected probe voltage as a function of three temperatures, namely ambient temperature at the start of the calibration (T ref ), ambient temperature during the calibration (T amb ), and temperature of each film (T wire ). A calibration routine was performed at θ 0 deg over a range of freestream flow speeds to yield a polynomial for which U t fE cor . As documented by Bruun [24] as well as Siddal and Davies [25] , the probe voltages of the two films E 1 and E 2 can be related to U t by
where the function KU t was selected to be a fifth-order polynomial fit of the data. Work by Spring [26] based upon the ideal gas law was used to introduce a correction for differences in density from the calibration measurement and the acquired data point where
A second calibration to determine flowfield angularity was performed at one velocity for a range of θ measured relative to the plane of the split between the films. As discussed by Bruun [24] and Seung-Ho et al. [27] , a calibration curve that is independent of velocity, denoted as Zθ, can be determined. A fifth-order polynomial fit was applied to the aforementioned calibration data to determine Zθ across a range of θ. For a given measurement, the values of E 1 and E 2 were used to calculate KU t and Zθ as presented in Eqs. (2) and (4) . These values of KU t and Zθ were applied to the respective calibration curves to compute U t and θ from which the velocity components u and v were decomposed.
IV. Results
An investigation was performed to identify an airfoil geometry (flap placements, see Table 1 ) and a set of operating conditions, which were determined to be α 0 deg and Re 1.0 × 10 6 , for which the flow was attached to all three elements but where wake bursting was present. For this condition, aerodynamic data were acquired for time-averaged and time-dependent quantities. Timeaveraged data included the lift and drag data, wake profiles, and surface flow visualization. Unsteady results included the total velocity, flow angularity, and turbulence levels. Lift and drag data shown in Fig. 8 were collected over an angle of attack range from −4 to 7 deg in 1 deg increments, and it was observed that the stall angle is greater than 7 deg. It is noted that the lift curve slope C l α was calculated to be 0.0811∕ deg, which is less than the theoretical value of 0.110∕ deg predicted by thin airfoil theory. It is possible that viscous effects in the burst-wake region, to be discussed in later sections, reduce the value of C l α . Further research should be executed to determine the effect of burst wakes on airfoil performance. Both the flow visualization and the lift and drag data (Fig. 8) indicate that the flow is attached, and the system is not stalled between α −4 and 7 deg. The uncertainties in the lift and drag coefficients were 0.85 and 1.59%, respectively. Wake profiles were taken 1.88 chords (32.4 in., 0.823 m) downstream of the trailing edge of the model, and the wake profile at α 0 deg and Re 1.0 × 10 6 is shown in Fig. 9 . The difference in total pressure ΔP 0 P 0;w − P 0;∞ is plotted against chord-normal location in the wind tunnel (y). It is noted that the individual wakes from each element are not visible because the wakes merged and interacted to form one large wake at this downstream position.
B. Time-Averaged Velocity
Unsteady data were collected in the flowfield using the aforementioned split-film probe and anemometer. Data were timeaveraged for each point in the flowfield, and the resulting velocity measurements were normalized by U ∞ . The resulting U t ∕U ∞ values are contour plotted in Fig. 10 for α 0 deg and Re 1.0 × 10 6 . All time-dependent results in this paper were acquired at this Reynolds number and angle of attack. The trailing portion of the first flap is visible, and the entirety of the second flap is shown; the main element is not shown. A contour plot is presented in Fig. 10a , and three line plots are plotted in Fig. 10b . Line profiles presented in Fig. 10b were taken normal to the chord line of flap 2 at three different locations, as shown in Fig. 11 , and distance h was defined as the perpendicular distance from the flap 2 chord line.
The flowfield indicates wake bursting of both the main element wake and the wake of the first flap. The wake from the main element (visible in the upper left corner of the plot) bursts at x∕c ≈ 0.96 and y∕c ≈ −0.13. At this point, the wake begins to rapidly expand, and the velocity in the wake core also decreases to a minimum timeaveraged velocity of 0.7U ∞ . As compared with a nonburst wake, the main element burst wake is much wider and characterized by a greater velocity deficit. Similarly, the wake from the first flap originates near x∕c ≈ 0.88 and y∕c ≈ −0.13, and bursting occurs at x∕c ≈ 0.95 and y∕c ≈ −0.17. Both wakes burst at approximately the same x∕c location. The wakes continue to spread further downstream from the burst locations, and then they begin to interact at x∕c ≈ 0.97 and become one thick merged wake upstream of the wake rake (see Fig. 9 ). The growth of the wakes is not symmetrical about their respective centerlines, and the growth rate is diminished after the wakes first merge.
C. Wake Cores
Results presented in Fig. 10 indicate that there is a distinct center region of each wake, and new criteria have been developed to extract the central portion of the wake (referred to as the "wake core").
Representative wake profiles extracted at a constant x∕c location are shown in Fig. 12a for an x∕c location upstream of where the wakes mix while wake profiles that have merged are shown in Fig. 12b .
A methodology was developed to numerically extract the core of each wake based upon maximum and minimum values of the chordnormal velocity gradient (∂U t ∕U ∞ ∕∂y∕c) shown in Fig. 12 . At a constant value of x∕c, the chord-normal velocity gradient was calculated, and the local maximum value and minimum values defined the upper and lower edge of the wake core respectively. A contour map of ∂U t ∕U ∞ ∕∂y∕c is shown in Fig. 13a , and the determined wake core edges are coplotted as solid lines. Line plots corresponding to ∂U t ∕U ∞ ∕∂y∕c are presented in Fig. 13b . It is interesting to coplot the wake core edges (defined in Fig. 12 ) with the time-averaged U t ∕U ∞ velocity field shown in Fig. 14 observation suggests that the parameters chosen to define the wake core based upon ∂U t ∕U ∞ ∕∂y∕c also define the edge of the wake core adequately with respect to U t ∕U ∞ .
D. Time-Averaged Streamlines
The effect of wake bursting on the direction of the flow was studied, and the resulting streamlines based on u and v are coplotted with U t ∕U ∞ in Fig. 15 . The distance between the streamlines in the wake core expands, indicating local flow deceleration, while spacing between the streamlines is smaller where the wake is not burst. It is observed that the streamlines do not follow the edge of a wake core, and this observation indicates that the burst-wake region cannot be accurately predicted based upon the location of streamlines.
E. Turbulence Parameters
Time-dependent measurements were taken, and the velocity fluctuations in the chordwise direction u 0 and chord-normal direction v 0 were used to determine turbulence intensities. Turbulence in the wake was characterized by the turbulent kinetic energy
, and a turbulent kinetic energy production term ℘, where
Results for the turbulent kinetic energy (TKE) are presented in Fig. 16 , while Reynolds stress and turbulent kinetic energy production are presented in Fig. 17 . It is noted that the Reynolds shear stresses presented in Fig. 17a were calculated in a coordinate system that is aligned with the time-averaged local flow, such that u r was in the time-averaged direction of local flow and v r was defined orthogonal to the direction of local flow. A rotation angle ϕ was defined to be equal to the time-averaged local flow angle θ at each spatial location, where ϕ was defined to be positive when in the clockwise direction. Application of a simple rotation matrix yielded the Reynolds shear stress in the rotated reference frame to be
The turbulent kinetic energy is rotationally invariant and is unaffected by the coordinate system. Wake core edges are coplotted with TKE in Fig. 16 . TKE levels are higher in the upper shear layer for both the main element and flap 1. Turbulence levels in the flap 1 wake, before the burst point, are greater than those in the main element wake before the main element wake bursts. Turbulence spreads into the main element wake core downstream of the burst point, and turbulence levels increase to as much as four times greater in the burst wake core than those in the nonburst core. TKE intensity increases more in the main-element wake core than in the flap 1 wake core, and less TKE diffusion is observed in the flap 1 wake. High values of TKE do not follow the wake core edges, and the points of highest turbulence spread away from the upper edge of both wake cores at x∕c ≥ 1.05. Streamlines presented in Fig. 15 in the burst-wake region indicate that the mean flow is convecting the turbulence away from the edge of the upper wake core edges.
In an effort to determine the origin of the turbulence in the flow, the Reynolds stress −u 0 v 0 ∕U 2 ∞ and the turbulent kinetic energy production term ℘ were studied, as shown in Fig. 17 . Regions of high turbulence production, ℘ are observed in the shear layers between the main element wake and the freestream as well as the shear layer between the wake of the main element and flap 1. This increase in turbulence production is a result of increased values of u 0 and v 0 as well as elevated values of normal and tangential velocity derivatives. The highest levels of turbulence production are observed to be in the shear layer between the wake cores of flap 1 and flap 2. Minimal or no-turbulence production is observed in the wake cores. In addition, regions of high turbulence appear as discrete regions in the shear layer between the core of the main element wake and the wake of flap 1.
The discrete regions are observed in the TKE and Reynolds stress parameters. The regions are three to five times larger than the experimental spacing, and so it is not believed that these regions are a consequence of the sampling grid. It is not known why these pockets exist as it is thought that the discrete region would disappear in the time-averaged turbulence.
F. Power Spectral Density
The unsteady behavior of the wake region was further investigated by analyzing the power spectral density (PSD) function of U t ∕U ∞ . Spectral content was analyzed along the wake core edge defined by the aforementioned methodology and in the chord-normal direction. The locations where PSDs were studied are shown in Fig. 18 . The locations along the wake core edge are depicted by circles, while the locations where the PSDs were studied across the wake and wake core are depicted as squares. The Reynolds stresses and turbulent kinetic energy both suggest that most of the energy exists in the wake shear layers. Consequently, a comparison was made for the spectral content of U t ∕U ∞ at different streamwise locations within the main element upper wake core edge, and results are presented in Fig. 19 . The spectral content of U t ∕U ∞ is primarily dominated by a frequency band of high energy density from 1 to 50 Hz at all six locations. The narrow frequency band corresponding to high energy density remains nearly constant with streamwise direction in the shear layer. However, the energy density within this frequency band increases with streamwise distance along the wake shear layer. By comparing Figs. 19a and 19f across the frequency band from 1 to 50 Hz, an increase in spectral density from −51 to −37 dB∕Hz can be observed.
The spectral content of U t ∕U ∞ was also compared at different chord-normal locations at a constant streamwise location of x∕c 1.05. Locations of interest are depicted by squares in Fig. 18 , and the associated PSDs are presented in The energy within the burst-wake region was further characterized by integrating the PSD of U t ∕U ∞ across the frequency band from 1 to 50 Hz. The resulting distribution of energy within the burst-wake region across this frequency band is shown in Fig. 21 . The results suggest that the regions corresponding to the greatest concentrations of energy are the wake shear layers from the main element. As previously mentioned, high turbulence intensities were also observed in these regions. Consequently, it is suggested that the turbulent characteristics of the wake shear layer are the primary contributors to the spectral content within the burst-wake region.
V. Conclusions
Wind-tunnel tests were carried out on the three-element MFFS(ns)-026 airfoil that exhibited wake bursting. Flow visualization was performed to ensure that the flow was attached to the surface of all three elements. An approach was developed and implemented to extract the edges of the wake cores of a multi-element airfoil. Split-film measurements were performed to measure time-dependent velocity in the flowfield of the burst-wake region. Time-averaged results indicate that each wake core contains a large momentum-deficit region. Two clear cores were captured, and the wake development was analyzed upstream of the bursting point and downstream of the bursting point. The local flowfield angle in the wake core did not significantly change relative to that of the shear layer or in the freestream, but the magnitude of the velocity vector was significantly reduced in the wake cores. Turbulence characteristics indicate that the majority of turbulence was produced in the region between the main element wake and the wake of flap 1. Analysis of the unsteady velocity power spectral density within the shear layers showed high energy density from 1 to 50 Hz that was not present outside the shear layers.
Appendix: Multi-Element Airfoil Coordinates
In this appendix, coordinates for the MFF(S)-026 main element, flap 1, and flap 2 are given in Tables A1-A3 , respectively. All coordinates are normalized to a unit chord, but in assembly, the relative chord lengths and flap deflections were presented previously in Table 1 . 
